A B S T R A C T The myocardial responsiveness of conscious, instrumented dogs to exogenously administered isoproterenol and norepinephrine was investigated in neonatal, 6-wk-old, and adult animals. Comparable base-line values for peak left ventricular derivative of pressure with respect to time were observed in all age categories. However, when compared with adult responses, the sympathomimetic amine-induced increases in neonatal left ventricular dPldt were significantly blunted at each concentration of adrenergic agonist examined, whereas the 6-wk-old puppies displayed an intermediate inotropic response. To investigate the cellular mechanisms of this blunted neonatal response, we correlated physiologic and biochemical measurements of the myocardial responses to catecholamines in each age category. When compared with adult myocardial membrane preparations, neonatal cardiac membranes were characterized in vitro by an increased density of f3-adrenergic binding sites, comparable affinity for adrenergic agonists and antagonists, and an enhanced coupling of adenylate cyclase activation to receptor occupancy. Simultaneous changes in either the serum catecholamine concentration or the membrane content of other intrinsic proteins failed to account for the observed neonatal increase in 8-adrenergic receptor density. These findings are most consistent with a compensatory mechanism of the cardiac cell membrane, whereby an inherent depression in the adrenergic responsiveness of the immature myocardium appears to induce the increase in receptor density and activation of adenylate cyclase.
INTRODUCTION
In recent years, increasing attention has been focused upon characterization of the adaptive mechanisms of Received for publication 18 February 1980 and in revised form 26 August 1980. the immature mammalian cardiovascular system. Despite a thorough examination of the neonatal cardiac responsiveness to adrenergic stimulation (1, 2), the developmental modulation of this autonomic control is still incompletely understood. Early investigators have found both neonatal subsensitivity (3) (4) (5) and supersensitivity (6) (7) (8) of peripheral vessels to vasoactive drugs in the newborn. Fewer studies have examined the responsiveness of the neonatal heart to catecholamines. Geis et al. (9) observed cardiac supersensitivity to norepinephrine in the neonatal dog whereas, more recently, Buckley et al. (10) found that cardiac responsiveness to isoproterenol was normal, while that to norepinephrine was depressed in anesthetized piglets.
A potential source of confusion in these early attempts at characterization of neonatal autonomic physiology may reside in the use of anesthetized, open chest model systems, or isolated cardiac muscle or vessel preparations. More recently, studies in conscious, chronically instrumented animal models, which obviate the potential, widespread autonomic effects of general anesthesia (11) (12) (13) , have indicated a subnormal neonatal vascular reactivity to infused adrenergic agonists (14, 15) , as well as blunting of the baroreceptor reflex responses to induce carotid sinus hypotension (16) . Nevertheless, the cellular developmental events that comprise normal autonomic maturation have been incompletely identified.
Within recent years, alterations in physiologic responses have been explained in terms of the molecular transmembrane modulation of cellular function. In vitro binding studies have enabled the enumeration of 13-adrenergic receptor sites within mammalian membrane preparations, the characterization of binding affinities of these receptors for 83-adrenergic agonists, and quantitative assessment of the coupling of receptor ligand binding to the activation of membrane adenylate cyclase (17, 18) . Utilizing these techniques, age-dependent changes in adenylate cyclase hormonal sensitivity have been described in amphibian erythrocytes (19) , rat liver (20) , and rat myocardium (21) . Furthermore, although a rapid increase with age in cerebral binding sites for,f3-adrenergic ligands has been reported in rats, the concentration of cardiac binding sites appears to change little during neonatal development (22) .
There has thus far been no attempt to integrate the physiologic evidence for neonatal cardiac subsensitivity with simultaneously derived, in vitro analyses of cellular membrane function. In this report, we correlate physiologic and biochemical measurements ofneonatal and adult adrenergic responsiveness in the instrumented conscious canine model.
METHODS
Physiologic studies. The cardiac responses of conscious animals to exogenously administered isoproterenol were examined in four neonatal (age 1 wk), four immature (age 5-7 wk) and six adult dogs. All animals were treated with sodium thiamylal, 10 mg/kg, administered in intraperitoneal injection. Then, using local anesthesia with lidocaine hydrochloride, a Millar microtip manometer was introduced into the left ventricular cavity through a peripheral vessel. In the puppies the right carotid artery was used, whereas the left femoral artery was used in the adults. In addition a catheter was implanted in the aorta in all animals through the left femoral artery. Continuous measurements of left ventricular (LV)l pressure, LV derivative of pressure with respect to time (dPldt), and aortic pressure and heart rate were recorded in all animals on a multichannel oscillograph and tape recorder. When the animals gave no evidence of the effects of sodium thiamylal, i.e., [3] [4] [5] [6] The adenylate cyclase assay was performed as previously described (18) . Reaction conditions were identical to those used for binding studies. Recovery of added 3H-cyclic 3'-5' AMP was 40-80%.
The protein concentrations for each membrane assay were determined by the Lowry method (23). Analysis of saturation binding assays was performed according to the method of Scatchard (24) . The KD for unlabeled (-)-isoproterenol binding to the cardiac 3-adrenergic receptor was derived from analysis of the competitive inhibition studies according to the method of Cheng and Prusoff (25) . Plasma catecholamine concentrations were measured with a sensitive radioenzymatic method (26) .
RESULTS
Physiologic studies. Base-line hemodynamic values for the adults, newborn, and intermediate age puppies are shown in Table I . In both groups ofpuppies base-line values for LV systolic and mean aortic pressure were significantly lower (P < 0.01) while heart rates were significantly higher (P < 0.01) than observed in adults. However, values for peak LV dP/dt were not significantly different among the three groups. The effects of bolus injections of (+)-isoproterenol on LV function are illustrated for a representative newborn and adult in Fig. 1 , whereas dose-response curves for all the animals are illustrated in Fig. 2 . The average increase in the neonatal LV dP/dt was significantly Fig. 3 , whereas dose-response curves for all the animals are illustrated in Fig. 4 . The average increase in neonatal LV dP/dt was significantly blunted at each concentration of norepinephrine examined, while the 6-wk-old puppies displayed an inotropic response intermediate to the other age categories. Increases in mean arterial pressure with norepinephrine were less in the newborns (Table III) FIGuRE 2 Inotropic dose response curves is isoproterenol for adults, 1-wk-old puppies and 5-7-wk-old puppies. The mean inotropic response ofnewborn animals was blunted throughout the dose-response range, and the maximal stimulation was achieved at a much lower dose of isoproterenol at this stage of development. Responses significantly different from adults are noted by * (P < 0.05) and + (P < 0.01).
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A%Ipd%- has been shown previously from this laboratory (14) . The decreases in cardiac rate were not significantly less in the newborns than in the adults with norepinephrine. However, it is important to point out that the pressure rise, i.e., the stimulus to the baroreceptors was greater in the adults than in the newborns (Table III) (Table IV) . The observed differences in f8-adrenergic receptor density could not be explained by age-related differences in serum catecholamine concentrations (Table IV) Enzymatic analysis of cardiac membranes. To ascertain that the apparent developmental decrease in membrane receptor density did not reflect an artifactual difference in protein content induced by the preparation ofcardiac microsomes, the membranes were simultaneously assayed for their content of other membrane-associated proteins uninvolved in receptor ligand binding. When examined in this fashion, the membrane-associated activity ofCOMT was depressed in the neonate, but did not significantly differ from adults in the 6-wk-old dogs (Table V) . In contrast to the dramatic decrease in receptor density in the postnatal period, membrane COMT activity showed a marked tendency to increase with age. In addition, the maximal stimulation ofcyclic AMP production by isoproterenol, a quantitative reflection of the total membrane content ofadenylate cyclase catalytic activity, showed little difference among the age categories examined. Despite a somewhat higher cyclase content in the intermediateaged membranes, there was no significant difference between neonatal and adult preparations.
Coupling of f3adrenergic receptor binding to the activation of adenylate cyclase. To investigate the functional correlates of an increased density of ligand binding sites in immature animals, the binding affinity of the 18-adrenergic receptor for (-)-isoproterenol was compared to the receptor-mediated stimulation of adenylate cyclase by this agonist. In a represeptative experiment (Fig. 6) (Fig. 4) . In contrast, there was no significant difference between the KD for binding and activation in adult membranes. 
DISCUSSION
Base-line levels of LV dPldt were not significantly different in the three groups studied. This finding of normal baseline inotropic function in newborn animals differs with results of studies in isolated cardiac muscle preparations, where myocardial contractility was found to be depressed in the newborn (1, 2) . Recently Berman and Musselman (27) found the LV dP/dt was significantly higher in conscious newborn lambs than adult sheep. The levels of LV dP/dt found by Berman and Musselman (27) in newborn lambs (27) correspond to the values observed in newborn and adult animals in the present investigation. However, the levels of LV dP/dt in conscious adult dogs appear to be higher than those for LV dPldt in adult sheep as reported by Berman and Musselman (27) .
Observations on the effect of adrenergic agonists on myocardial function in newborn and adult animals have been controversial. On the one hand, Friedman (1) (14) . It is possible that many ofthese differences may be explained by the presence or absence of general anesthesia and the open chest model. It is also important to note that depression of inotropic response was observed both for an adrenergic agonist that increased heart rate (isoproterenol) and one that reduced heart rate (norepinephrine). The fact that heart rate fell less with norepinephrine in newborns when equivalent increases in arterial pressure were compared, confirms the immaturity of the arterial baroreceptor reflex in the neonatal animals (16) .
It is now well recognized that the agonistic effects ofadrenergic ligands upon catecholamine-sensitive tissues are mediated through transmembrane modulation of intracellular events. In order to identify a possible cellular mechanism for the apparent neonatal subsensitivity to (29) . However, in the current investigation, even with very large doses of adrenergic agonists in neonates, an inotropic effect comparable to the adult response cannot be elicited. In addition, examination ofcomparative dose-response curves (Figs. 2,4) indicates that neonatal responsiveness was comparatively blunted throughout the dose-response range. The newborn, however, achieves its maximal response to isoproterenol at a lower dose than observed in the adult, a phenomenon that can be interpreted to correspond to the lower neonatal K D for adenylate cyclase activation. The comparative observations of in vitro membrane characteristics might likewise be obscured by noncomparable protein composition of microsomes prepared from the canine left ventricle at different stages of development. To ascertain that the observed developmental decrease in membrane receptor density did not represent an artifactually induced difference in protein content, the membrane preparations were assayed for their content of other intrinsic protein constituents. Through the quantitation of adenylate cyclase and COMT content, the specificity of differences in receptor density was confirmed by the documentation of two other, distinct patterns of change in specific membrane proteins with increasing age. The disproportionately high adenylate cyclase content of the 6-wk-old dogs is currently unexplained, but may reflect an intermediate pattern of adaptation to incomplete adrenergic development.
The observation of enhanced f8-adrenergic receptor density in neonatal dogs is of interest in several respects. Although the observation of an enhanced 3-adrenergic receptor density in the neonatal subjects Impaired Adrenergic Responsiveness in Newborns 325 might in itselfsuggest a "spare receptor" phenomenon, the correlative changes in adenylate cyclase and endorgan responsiveness to catecholamine stimulation suggest, rather, that the pronounced increase in neonatal receptor density is a specific, adaptive change to a blunted effector mechanism in adrenergic modulation. The exact nature ofthe cellular impairment of immature animals remains speculative, but appears to follow the stimulation of membrane adenylate cyclase in the cellular activation sequence. Unlike most of the previously studied acquired changes in membrane adrenergic density (30) (31) (32) , the neonatal cardiac response bears little relation to changes in the endogenous concentration of receptor ligands (Table II) . Thus, in addition to the previously described phenomenon of down-regulation in response to increased agonist concentration (30) (31) (32) , these studies would seem to indicate yet another important mechanism for target cell regulation of receptor concentration. Although the KD for isoproterenol activation of adenylate cyclase in the neonate is an order of magnitude less than that in the adult, the increase in the neonatal receptor density results in a comparable number of occupied receptor sites when the enzyme is half-maximally activated. This increase in receptor concentration in the neonate appears to represent one mechanism whereby it can compensate for an inherent depression in adrenergic responsiveness. Further investigation of these phenomena must involve attempts to probe the development of intracellular response mechanisms to cyclic AMP (33, 34) . Quantitation of age-dependent changes in the inotropic modulation of intracellular cyclic nucleotides, the cyclic AMP-dependent activation of protein kinase, the specific phosphorylation of cytosolic proteins, and contractile protein response should yield greater insight into the developmental nature of cardiac adrenergic control.
